Apolipoprotein E (apoE) is a 34 kDa glycoprotein with three distinct isoforms in the human population (apoE2, apoE3 and apoE4) known to play a major role in differentially influencing risk to, as well as outcome from, disease and injury in the central nervous system. In general, the apoE4 allele is associated with poorer outcomes after disease or injury, whereas apoE3 is associated with better responses. The extent to which different apoE isoforms influence degenerative and regenerative events in the peripheral nervous system (PNS) is still to be established, and the mechanisms through which apoE exerts its isoform-specific effects remain unclear. Here, we have investigated isoform-specific effects of human apoE on the mouse PNS. Experiments in mice ubiquitously expressing human apoE3 or human apoE4 on a null mouse apoE background revealed that apoE4 expression significantly disrupted peripheral nerve regeneration and subsequent neuromuscular junction re-innervation following nerve injury compared with apoE3, with no observable effects on normal development, maturation or Wallerian degeneration. Proteomic isobaric tag for relative and absolute quantitation (iTRAQ) screens comparing healthy and regenerating peripheral nerves from mice expressing apoE3 or apoE4 revealed significant differences in networks of proteins regulating cellular outgrowth and regeneration (myosin/actin proteins), as well as differences in expression levels of proteins involved in regulating the blood -nerve barrier (including orosomucoid 1). Taken together, these findings have identified isoform-specific roles for apoE in determining the protein composition of peripheral nerve as well as regulating nerve regeneration pathways in vivo.
INTRODUCTION
Genetic factors which influence the incidence and severity of neurological conditions are the subject of intensive research, as they offer the possibility of better prognostic/diagnostic tools as well as the prospect of identifying novel therapeutic approaches. One genetic factor that is a well-known modifier of disease onset and progression in the central nervous system (CNS) is apolipoprotein E (apoE). ApoE is a 34 kDa glycoprotein and is a major determinant of lipid transport and metabolism. There are three distinct isoforms present in humans: apoE2, apoE3 and apoE4. Of these, apoE4, which is present in one-third of the population, is most commonly associated with an increased risk of neurodegeneration in the CNS (1, 2) . It is well established that apoE4 is a major risk factor for Alzheimer's disease (3 -5) as well as several other neurodegenerative conditions, including Parkinson's disease (6, 7) . Similarly, apoE4 is associated with a poor outcome after traumatic brain injury, stroke and intracranial haemorrhage (8 -12) . Conversely, apoE3 has been shown to attenuate CNS degeneration in conditions such as Wilson's disease (13) .
Although the influence of apoE genotype on CNS injury and disease is well established, there is only a partial understanding of any potential influence of apoE genotype on the † The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors. * To whom correspondence should be addressed. Tel: +44 1316503724; Fax: +44 1316504193; Email: t.gillingwater@ed.ac.uk # The Author 2011. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com peripheral nervous system (PNS) (14, 15) . This lack of knowledge is rather surprising given that ApoE is expressed throughout the PNS, including at the neuromuscular junction (NMJ) (16, 17) , where expression levels dramatically increase in response to nerve crush injury and exposure to harmful environmental stimuli (18 -20) . Although an association between apoE genotype and disease outcome has been demonstrated for human patients with diabetic neuropathies (21, 22) , the influence of apoE genotype on other human PNS disorders-such as motor neuron disease-remains controversial (23 -32) . Previous studies using genetically modified animals to examine degeneration and regeneration in the PNS have only investigated the effects of complete loss of apoE expression (33, 34) , rather than the more biologically relevant question of the influence of the apoE isoform.
Similarly, the underlying mechanisms through which different apoE isoforms differentially affect the nervous system remain unclear. New experimental approaches to explore the mechanisms through which apoE influences the nervous system are therefore required. The PNS offers an ideal, experimentally accessible model system with which to study the influence of apoE isoforms on a variety of in vivo processes, including development, maturation, degeneration and regeneration.
Here, we have used mouse models to compare the consequences of human apoE3 and human apoE4 expression on the form, function and molecular composition of the healthy and degenerating PNS.
RESULTS

ApoE4 significantly delays nerve regeneration and neuromuscular re-innervation following peripheral nerve injury
Previous studies reported that complete loss of apoE had no effect on nerve regeneration in the mouse PNS, following nerve injury (33, 34) . However, the more biologically relevant question of whether apoE3 or apoE4 can influence regeneration and neuromuscular re-innervation in the PNS was not addressed. We therefore set out to examine the influence of apoE genotype on regeneration in the PNS, using established transgenic mice expressing human apoE3 or apoE4 on a null mouse apoE background [apoE 2/2 ;apoE3 and apoE 2/2 ; apoE4; see Materials and Methods and reference (35) ]. ApoE2 mice were not used for this study, as they express apoE at levels much higher than the apoE3 or apoE4 mice (35) ; thus, it would have been impossible to determine whether any effects observed were due to the genotype or were simply occurring due to differences in expression levels of apoE.
First, it was important to determine that apoE was expressed at similar levels in the transgenic lines used, to ensure that any differences observed were not due to a relative overexpression of one isoform. We therefore examined apoE expression levels in tibial nerves from apoE 2/2 ;apoE3 and apoE 2/2 ;apoE4 mice expressing human apoE3 or apoE4 and compared them with samples from wild-type (WT) mice and apoE 2/2 mice. As expected (9, 35) , apoE protein was undetectable in peripheral nerves from WT mice and apoE 2/2 mice [endogenous apoE is only expressed at low levels in the nervous system (9) ]. However, apoE protein was generated from the human apoE3 and apoE4 transgenes in the peripheral nerve and was expressed at near-identical levels in nerves from apoE3 and apoE4 mice ( Fig. 1) .
We then quantified axon regeneration in the tibial nerve of apoE3 and apoE4 mice at 2 and 3 weeks following sciatic nerve injury ( Fig. 2) . At 1 week post-injury (the period when regeneration is beginning following the completion of Wallerian degeneration in vivo: see what follows), there was no difference in the numbers of axons in the sciatic nerve from apoE3 and apoE4 mice. However, at 2 weeks post-injury, apoE4 mice showed a significant reduction in the numbers of regenerating axons in the sciatic nerve compared with apoE3 mice (63% regeneration compared with apoE3 mice; P , 0.05; Fig. 2 ). This significant delay in regeneration was also present in apoE4 mice 3 weeks after injury, where regeneration was virtually complete in apoE3 mice, but had only reached 70% of apoE3 levels in apoE4 mice (P , 0.05; Fig. 2 ).
To confirm that the delay in axon regeneration observed in apoE4 mice subsequently resulted in impaired functional re-innervation of peripheral targets by regenerating axons, we quantified re-innervation of NMJs in the lumbrical muscles (innervated by the tibial nerve) of apoE3 and apoE4 mice after tibial nerve injury. At 2 weeks following nerve injury, lumbrical muscles in apoE4 mice had a significantly reduced number of re-innervated endplates compared with apoE3 mice (Fig. 3 ). We used fluorescent quantitative western blotting to establish that the delay in axon regeneration and neuromuscular re-innervation observed in apoE4 showing quantification of apoE expression levels normalized to beta III tubulin loading control, confirming no difference in expression levels between apoE3 and apoE4 (P . 0.05, apoE3 versus apoE4; one-way ANOVA with Tukey's post hoc test; n ¼ 3 for each genotype; ns, not significant). mice was not occurring due to differing expression levels of human apoE transgenes after nerve injury. Expression levels of apoE protein were identical in tibial nerves from apoE3 and apoE4 mice 2 weeks after nerve crush (Supplementary Material, Fig. S1 ). Taken together, these data show that apoE4 selectively delays nerve regeneration in the PNS.
ApoE genotype has no effect on normal form or function of the mouse PNS
To determine that the effects on regeneration were not occurring as an indirect result of pre-existing changes in the form or function of the uninjured PNS induced by different apoE genotypes, we next examined neuronal morphology and function in uninjured nerves and muscles from apoE3 and apoE4 mice and compared them with apoE 2/2 and WT mice. No qualitative or quantitative differences were observed in the morphology of the sciatic nerve or NMJs between mice of different genotypes ( Fig. 4) . Similarly, electrophysiological measurements from apoE4 mice suggested normal neuromuscular synaptic function in mice expressing a human apoE transgene: there were no effects on the rise time, amplitude or decay time of evoked endplate potentials (EPPs) and no discernible effect on miniature endplate potential (mEPP) frequency, amplitude or time course ( Fig. 4 ). Developmental synaptic plasticity in the PNS was also unaltered in the presence of human apoE protein (Supplementary Material, Fig. S2 ). Thus, expression of either human apoE3 or apoE4 had no detrimental effect on the form, function or development of the uninjured mouse PNS.
ApoE genotype does not significantly delay Wallerian degeneration of axons or synapses following peripheral nerve injury
As apoE4 has been shown to modulate neurodegenerative events in the CNS (9,36 -38) , we next asked whether the presence of apoE3 or apoE4 influenced the rate of re-innervation Figure 2 . ApoE4 significantly impairs nerve regeneration following sciatic nerve injury. (A) Representative electron micrographs of cross-sections from adult sciatic nerves in apoE3 (E3) and apoE4 (E4) mice,1, 2 and 3 weeks after sciatic nerve crush. Scale bar ¼ 10 mm. (B) Scatter plot (mean + SEM) showing time course of axonal regeneration in apoE3 and apoE4 sciatic nerves following sciatic nerve crush. At both 2 and 3 weeks post-crush, apoE4 significantly delays regeneration (63 and 70% that of the levels of apoE3 axon regeneration at the same time points, respectively. 1 week, P . 0.05; t-test, two-tailed; apoE3, n ¼ 3; apoE4, n ¼ 2. 2 weeks, P , 0.05; t-test, two-tailed; apoE3, n ¼ 6; apoE4, n ¼ 6. 3 weeks, P , 0.05; t-test, two-tailed; apoE3, n ¼ 11; apoE4, n ¼ 11). by affecting the prior process of degeneration in the PNS, which is an essential pre-requisite for re-innervation. The extent of Wallerian degeneration occurring at NMJs in lumbrical muscles 24 h after tibial nerve cut injury was identical in apoE3 and apoE4 ( Fig. 5A ), similar to previous descriptions of Wallerian degeneration in WT mice (39, 40) . Likewise, Wallerian degeneration of axons in the sciatic nerve 1 week after nerve crush occurred identically in apoE3 and apoE4 mice ( Fig. 5B and C). Thus, apoE genotype did not significantly delay Wallerian degeneration in the PNS, confirming that the impaired regeneration phenotype observed in apoE4 mice was occurring solely as a result of apoE4 directly modulating regeneration pathways in the peripheral nerve.
ApoE genotype modifies expression levels of proteins associated with cellular outgrowth and blood -nerve barrier integrity in peripheral nerve
Given our finding that apoE genotype selectively modifies nerve regeneration in the PNS, we next set out to identify potential molecular mechanisms regulating apoE-specific responses in the PNS in vivo. First, we used an iTRAQ (isobaric tag for relative and absolute quantitation) proteomic approach to compare protein expression levels in uninjured tibial nerve preparations from apoE3 and apoE4 mice (n ¼ 9 mice per genotype, pooled into three independent samples per genotype). Importantly, it should be noted that these initial proteomic experiments were designed to detect changes in the peripheral nerve proteome occurring solely as a result of the presence of different isoforms of apoE, in the absence of any other external stimuli (e.g. nerve degeneration or regeneration). It should also be noted that our peripheral nerve preparations contained all of the cell types and tissues present in the peripheral nerve (e.g. not just axons of neurons but also glial cells, capillaries, extracellular matrix, etc.). These non-neuronal cells and tissues are important to consider in such experiments, as they play a key role in establishing a local microenvironment conducive to nerve regeneration.
Only proteins identified with .95% total ion score confidence intervals and by two or more unique peptides were accepted as being robust and reliable enough for inclusion in our analysis. Using this approach, 62 proteins showed increased expression levels .20% in uninjured peripheral nerves from apoE4 mice compared with apoE3 peripheral nerves (Table 1) , and 40 proteins had decreased expression levels .20% in apoE4 peripheral nerves ( Table 2 ). Note that neither of the protein products from the apoE3 or apoE4 transgenes was present on the tables of changed proteins as they are both human proteins and the analysis software was set to identify only mouse proteins. It should also be noted that, although the protein identifications were statistically significant (i.e. detected with two or more peptides and total ion scores of .95% confidence intervals), it was not always possible to distinguish between closely related protein isoforms (e.g. of myosin) unless proteotypic peptides (i.e. peptides that were entirely unique in sequence to that isoform) were detected. Thus, it is possible that specific isoforms of a protein (e.g. myosin) identified in this study may actually represent another closely related isoform in addition to, or in place of, the isoform actually listed.
Systems level analysis of protein expression changes using Ingenuity Pathway Analysis (IPA) software (see Materials and Methods) revealed potential changes in protein interaction networks associated with the regulation of tissue and cell morphology (based around interactions of myosin and actin proteins; Supplementary Material, Fig. S3A ) and haematological regulation (including integrity of the blood -brain barrier (BBB)/blood -nerve barrier (BNB); Supplementary Material, Fig. S3B ) in apoE4 mice. Taken together, these data show that expression of different apoE isoforms leads to significant modifications in the peripheral nerve proteome, even in the absence of injury or disease.
Given that these initial proteomic experiments were designed to detect changes in the peripheral nerve proteome occurring solely as a result of the presence of different isoforms of apoE, it was interesting to note numerous changes in expression levels of several myosin proteins that contribute to myosin/actin interaction networks in apoE4 mice, in the absence of any changes in corresponding actin proteins. Myosin proteins contributing to myosin/actin networks are showing levels of neuromuscular re-innervation in lumbrical muscles 2 weeks after a tibial nerve crush. Re-innervation was significantly impaired in apoE4 mice compared with apoE3 mice (P , 0.001; Mann-Whitney test, two-tailed; apoE3, n ¼ 5 mice; apoE4, n ¼ 5 mice). responsible for delivering the actin scaffold to relevant parts of the cell during periods of cell growth or reorganization, but concomitant changes in actin levels would be essential for the pathway to modify cell morphology (41) (42) (43) . These findings were therefore consistent with our morphological data from the uninjured PNS, showing that apoE4 expression did not affect the normal form or function of the PNS, as might have been expected had actin protein levels also been altered. However, the changes we observed in myosin proteins in uninjured apoE4 nerves may represent a 'priming' response that does not result in any overt phenotype, but which could conceivably influence actin dynamics in response to stimuli inducing cell remodelling (e.g. peripheral nerve regeneration following nerve injury).
To test whether modifications in both actin and myosin components of myosin/actin interaction networks were consequently modified in regenerating peripheral nerves from apoE4 mice, we repeated our iTRAQ proteomic experiments using regenerating tibial nerves from apoE3 and apoE4 mice 3 weeks after nerve crush injury (n ¼ 9 mice per genotype, pooled into three independent samples per genotype). As in our experiments on unlesioned nerves, there were large numbers of proteins with altered expression in regenerating nerves from apoE4 mice compared with apoE3 mice (Tables 3 and 4 ). Many of these proteins were similar to those changed in unlesioned nerves, including proteins involved in haematological regulation (e.g. haptoglobin and orosomucoid 1). However, even more marked changes were observed in expression levels of both myosin and actin proteins (Table 4 ). These findings were supported by systems level analysis: 55% of total proteins in one single myosin/ actin interaction network had altered expression in uninjured nerves (Supplementary Material, Fig. S3A ), whereas 83 and 86% of proteins contributing to two myosin/actin networks had modified expression levels in regenerating apoE4 nerves (Supplementary Material, Fig. S4A and B) . Given the importance of myosin/actin pathways in driving cellular reorganization required for processes such as regeneration (41) (42) (43) , the widespread reductions in expression of key proteins contributing to these networks in the apoE4 peripheral nerve are likely to play a significant role in reducing their regenerative capacity. 
showing immunohistochemically labelled NMJs in LAL muscles showing mono-innervated, fully occupied endplates (i.e. 'normal' morphology) in WT, apoE 2/2 (2/2), apoE3 (E3) and apoE4 (E4) mice. More than 98% of NMJs in all muscles examined, regardless of genotype, showed these morphological characteristics. Pre-synaptic axons and motor nerve terminals are shown in green and post-synaptic acetylcholine receptors labelled with a-BTX are shown in red. Scale bar ¼ 30 mm. (D) Bar chart (mean + SEM) showing no significant difference in the percentage of fully occupied, mono-innervated WT, apoE 2/2 , apoE3 and apoE4 mice (P . 0.05; Kruskal -Wallis test with Dunn's post hoc test; WT, n ¼ 8; apoE 2/2 , n ¼ 7; apoE3, n ¼ 7; apoE4, n ¼ 7). (E) apoE 2/2 and apoE4 mice both showed robust EPPs in the FDB muscle in response to tibial nerve stimulation. (F) There was no significant difference in the amplitude of EPPs between apoE 2/2 and apoE4 mice. (P . 0.05; t-test, two-tailed; apoE 2/2 , n ¼ 73 fibres, n ¼ 3 mice; apoE4, n ¼ 75 fibres, n ¼ 3 mice). (G) Muscles from both genotypes showed spontaneous mEPPs at an equivalent rate (P . 0.05; t-test, two-tailed; apoE 2/2 , n ¼ 78 fibres, n ¼ 3 mice; apoE4, n ¼ 80 fibres, n ¼ 3 mice). (H) There was no significant difference in quantal content between apoE 2/2 and apoE4 mice (P . 0.05; t-test, two-tailed; apoE 2/2 , n ¼ 48 fibres, n ¼ 3 mice; apoE4, n ¼ 32 fibres, n ¼ 3 mice). ns, not significant.
DISCUSSION
In this study, we have demonstrated apoE genotype-dependent regulation of nerve regeneration in the PNS and used this finding to examine molecular mechanisms underlying deficient neurite outgrowth in peripheral nerves expressing apoE4. We showed that the presence of apoE4 selectively delays nerve regeneration and neuromuscular re-innervation compared with mice expressing apoE3, in the absence of any significant effects on the form, function, degeneration or developmental plasticity of the PNS. Comparative iTRAQ proteomics revealed concomitant significant changes to the proteome of the peripheral nerve in apoE4 mice, compared with that in apoE3 mice, with modified expression levels of proteins that contribute to the regulation of cellular outgrowth and regeneration (based around myosin/actin interactions) and haematological regulation (e.g. of the BNB).
The most notable phenotypic observation in the current study was a significant and selective impairment of nerve regeneration and neuromuscular re-innervation in the PNS of apoE4 mice following peripheral nerve injury. These data from the PNS are in agreement with previous in vitro studies of neurons from the CNS, showing that neurite outgrowth can be inhibited by apoE4 (44) (45) (46) and that intrinsic neuronal repair mechanisms are compromised in the presence of apoE4 in response to CNS injury (47) . Our finding that apoE4 influences regenerative processes in the PNS also provides a possible explanation for several previous human cohort studies reporting associations between apoE genotype and progressive diseases of the PNS, including diabetic and HIV-associated neuropathies (21, 22, 48) and motor neuron disease. For the latter, there have been a number of human cohort studies investigating a possible relationship between the apoE4 allele and motor neuron disease, with conflicting results (23 -29,31,32) . Motor neuron regeneration has been shown to play a significant role in amyotrophic lateral sclerosis (ALS): as some motor neurons degenerate, leaving denervated muscle fibres, others sprout in an attempt to re-innervate vacant motor endplates and prolong muscle function (49) . The findings reported here suggest that possession of the apoE4 allele could impact on disease progression in conditions such as ALS, as neurons in patients with apoE4 may have a reduced capacity for sprouting and re-innervation. Thus, knowledge of the apoE genotype status of individual human patients with peripheral nerve trauma or disease may provide valuable insights into the likelihood of success of regenerative events in the PNS and hence help to inform the likely rate of recovery or decline (15) .
Our proteomic experiments revealed a significant influence of apoE genotype on the peripheral nerve proteome, both in uninjured nerves and in regenerating nerves. The limitations of this approach mean that we could only detect changes in global expression levels rather than gaining insights into more dynamic cellular processes (e.g. changes in subcellular localization and/or modified binding activity of specific or groups of proteins). However, our experiments did reveal changes in expression levels of a range of different myosin and actin proteins. Importantly, as we identified modified expression levels for a large number of myosin isoforms in uninjured nerves from apoE4 mice, it is possible to conclude that apoE4-mediated disruptions in myosin/actin networks were occurring as a direct consequence of the apoE genotype, and not simply as a result of impaired nerve regeneration in apoE4 mice. It has long been known that dynamic regulation of the actin cytoskeleton is a key regulator of cell morphology and outgrowth in many cell types, including neurons (41, 50) . More recently, however, it has become clear that regulated interactions between myosin and actin proteins in neurons are required for successful outgrowth and nerve regeneration. For example, many members of the myosin family of proteins are present in neuronal axons and synaptic terminals (42, 51, 52) . Myosin proteins directly influence neurite outgrowth and retraction in vitro and in vivo (42, 43) , regulate the localization and distribution of cytoskeletal proteins in neurons (53 -55) and also contribute to axonal pathfinding and neuronal development (56, 57) . In addition, similar to apoE, myosin 5A is synthesized locally following nerve injury (58) , suggesting a role in delivering the required actin cytoskeleton for nerve regeneration in vivo. It is also likely that modified levels of myosin and actin proteins in nonneuronal cells would change the dynamics of the local microenvironment required for successful peripheral nerve regeneration. Thus, the widespread modification in expression levels of both myosin and actin proteins in apoE4 peripheral nerves may contribute to the impaired nerve regeneration observed in apoE4 mice. These initial insights suggest that more detailed biochemical investigations of the role of actin and myosin proteins in regulating apoE genotype-dependent regeneration of the peripheral nerve are now warranted.
Our proteomic experiments also revealed a significant influence of apoE genotype on the expression levels of proteins associated with haematological regulation, several of which are important for the integrity of the BBB/BNB. This finding was particularly interesting given that apoE has previously been shown to be essential for BBB and BNB integrity, although only in studies that examined the effect of complete loss of apoE, using apoE 2/2 mice (59, 60) . The data showing changes in levels of proteins including orosomucoid 1, fibrinogen, haptoglobin and haemopexin in uninjured and regenerating apoE4 nerves therefore provide insights into the potential molecular mechanisms through which apoE genotype can modulate haematological features associated with the nervous system. Orosomucoid 1, in particular, is a protein that modulates the permeability of the BBB (61), and was up-regulated in uninjured and regenerating nerves from apoE4 mice. Similarly, fibrinogen (up-regulated in apoE4 nerves) is a mediator of neuronal damage following disruption to the BBB (62). Although it is not possible at present to directly link the changes observed in haematological-related proteins to the deficient regeneration observed in apoE4 mice, the finding that disruption of the BNB impairs nerve regeneration (63) suggests that it may at least contribute to this response. Further work is now required to determine whether the specific proteins identified in the current study are also modified in the CNS, and whether they directly impair haematological regulation and BBB integrity in an apoE-genotype-dependent manner.
In summary, we have shown that apoE genotype is a significant determinant of the success of nerve regeneration in the PNS in vivo, with apoE4 selectively impairing regeneration of axons and re-innervation of NMJs following nerve injury in mice. Insights from comparative proteomic experiments demonstrated concomitant apoE-isoform-dependent changes in the peripheral nerve proteome, several of which are likely to have significant consequences for the form and function of the PNS.
MATERIALS AND METHODS
Mice
All animal experiments were approved by a University of Edinburgh internal ethics committee and were performed under license by the UK Home Office (project licence number 60/3891). Young adult mice expressing human apoE4 on a mouse apoE 2/2 ;C57BL/6J background were compared with littermate apoE 2/2 mice or apoE3 mice on an apoE 2/2 ;C57BL/6J background. For experiments examining the influence of loss of apoE, apoE 2/2 mice were compared with age-matched C57Bl/6J (WT) mice. Detailed information on the breeding and characteristics of apoE transgenic mice has previously been reported (35) . Briefly, human apoE4 and apoE3 transgenic mice were generated on an apoE-deficient C57BL/6J background, utilizing human apoE4 or apoE3 transgenic constructs (35) . Mice were supplied via a collaboration with Dr Allen Roses (Duke University) and breeding colonies established at the University of Edinburgh. ApoE4 and apoE3 transgenic mice were backcrossed with genetically homogeneous apoE-deficient mice (Charles River) for more than 10 generations (crossed to C57Bl/6J mice to reduce any genetic interference of the DBA/2 J background strain), resulting in mice heterozygous for the human apoE transgenes E4 or E3 on a homozygous mouse apoE background. The presence of mouse apoE genes was determined by PCR analysis of extracted DNA as described previously (35) . Importantly, these mouse lines were selected for the current study, as apoE3 and apoE4 transgenes are known to be expressed at physiological levels, similar to those found in humans (9, 35, 64) . All animals were housed in standard conditions and all procedures were carried out under licensed authority from the UK Home Office.
Surgery
Mice were anaesthetized by inhalation of halothane (2% in 1:1 N 2 O/O 2 ) before exposing the sciatic nerve in the thigh or the tibial nerve above the heel. For nerve crush experiments, the sciatic or tibial nerve was crushed between a pair of fine-point forceps for 30 s. Nerves were checked to ensure a complete crush had been performed before suturing the skin and allowing the mouse to recover. For nerve cut experiments, a 1 mm section of the nerve was removed to ensure complete transection. Post-operative mice were maintained in standard animal house conditions. The individual performing the surgery remained blind to the genotype of the mice, as were the individuals who performed all subsequent analyses, ensuring that operator bias could not adversely influence the experiments.
Electron microscopy
A 5 mm section of the peripheral nerve distal to the injury site was dissected out in 0.1 M EM-grade phosphate buffer and immediately fixed in 0.1 M phosphate buffer containing 4% paraformaldehyde/2.5% glutaraldehyde at 48C. Nerves were post-fixed in 1% osmium tetroxide overnight. Following dehydration through an ascending series of ethanol solutions and propylene oxide, nerves were embedded in Durcupan resin. Ultrathin sections ( 60 nm) were cut and collected on formvar-coated grids (Agar Scientific, UK), stained with uranyl acetate and lead citrate and then quantitatively assessed in a Philips CM12 transmission electron microscope equipped with a Gatan camera. Using Adobe Photoshop, individual images were reconstructed to form entire nerve cross-sections.
For regeneration experiments, higher power images were taken to allow assessment of large and small myelinated and unmyelinated axon profiles. All analysis was performed without the operator knowing the genetic status of the material.
Immunohistochemical analysis of NMJs
Mice were sacrificed by inhalation of isofluorane (2% in 1:1 N 2 O/O 2 ). The levator auris longus (LAL; from the dorsal/ posterior surface of the neck) (65), transversus abdominis (from the anterolateral abdominal wall) (66), first to third deep lumbricals (from the plantar surface of the hind paw) (67) and/or flexor digitorum brevis (FDB; from the plantar surface of the hind paw) (67) muscles were dissected in oxygenated mammalian physiological saline (mM: NaCl 120, KCl 5, CaCl 2 2, MgCl 2 1, NaH 2 PO 4 0.4, NaHCO 3 23.8, D-glucose 5.6). Muscles were fixed in 0.1 M PBS containing 4% paraformaldehyde (Electron Microscopy Science) for 30 min. Muscles were exposed to a-bungarotoxin (a-BTX) conjugated to tetramethyl-rhodamine isocyanate (TRITC)-a-BTX; 5mg/ ml, Molecular Probes) for 30 min to label post-synaptic acetylcholine receptors. Muscles were then immunohistochemically processed to allow visualization of pre-synaptic motor nerve terminals, as described previously (68) . Briefly, muscles were blocked in 4% bovine serum albumin and 1.5% Triton X-100 in 0.1 M PBS for 30 min before incubation in primary antibodies directed against 145 kDa neurofilament proteins (1:250 dilution; Millipore) overnight. After washing for 2 h in 0.1 M PBS, muscles were incubated for 4 h in a 1:30 dilution of swine anti-rabbit secondary antibody conjugated to the fluorescent label FITC (Dako). Muscles were then whole-mounted in Mowoil w (Calbiochem) on glass slides and cover-slipped for subsequent imaging.
Microscopy
Fluorescently labelled muscle preparations were viewed using either a standard epi-fluorescence microscope equipped with a chilled CCD camera (40× objective; 0.8 NA; Nikon IX71 microscope; Hammamatsu C4742-95) or a laser scanning confocal microscope (63× objective; 1.4 NA; Zeiss LSM710). TRITC-a-BTX-labelled preparations were imaged using 543 nm excitation and 590 nm emission optics, and FITC-labelled preparations utilized 488 nm excitation and 520 nm emission optics. For confocal microscopy, 488 and 543 nm laser lines were used for excitation, and confocal Z-series were merged using ImageJ software. All images were then assembled for analysis, using Adobe Photoshop. A minimum of 80 NMJs, selected at random, were assessed in each muscle preparation. Muscles where antibody staining was too faint to quantify due to poor antibody penetration and muscles with damage to either the muscle fibres or nerves from dissection were excluded from further analysis. All analyses were performed without the operator knowing the genetic status of the material. For occupancy counts, endplates were categorized as either vacant (no neurofilament overlying the endplate), partially occupied (neurofilament partially overlying the endplate) or fully occupied (neurofilament entirely overlying the endplate). For the assessment of developmental synapse elimination, fully occupied endplates were further subdivided on the basis of the number of axonal inputs contacting the endplate. For neuromuscular re-innervation experiments, an individual endplate was required to be fully occupied by an incoming single axon profile to be considered re-innervated.
Electrophysiology
Freshly dissected FDB muscles were used to obtain intracellular recordings (69) of evoked EPPs and spontaneous mEPPs. Isolated muscles were pinned out in a Sylgard (VWR International, Poole, UK)-lined bath and perfused with oxygenated mammalian physiological saline (see above). Muscle contractions were reduced or eliminated by bathing the muscles in 2.5 mM m-conotoxin GIIIB (Scientific Marketing Associates, 
iTRAQ proteomics
Unlesioned tibial nerves from nine apoE3 and nine apoE4 mice were pooled into three groups for each genotype, and underwent iTRAQ proteomic analysis. This was repeated with nine nerves from each genotype 3 weeks after tibial nerve crush. Nerves were extracted in buffer containing 6 M urea, 2 M thiourea, 2% CHAPS and 0.5% SDS in dH 2 O. The proteins were precipitated in six volumes of ice-cold acetone overnight at 2208C. Acetone precipitates were pelleted by centrifugation at 13 000g for 10 min at 48C and the supernatant was carefully removed and discarded. The pellets were allowed to air-dry, followed by resuspension in 6 M urea in 50 mM TEAB. The protein concentration in each group was determined using a Bradford assay. Reduction, alkylation and digestion steps were performed using the reagents and according to the recommendations in the iTRAQ labelling kit (Applied Biosystems). The extracts were diluted with 50 mM TEAB so that the urea concentration was ,1 M, before the addition of trypsin and overnight incubation at 378C. The digests were then dried down in a vacuum centrifuge and iTRAQ labelling was carried out according to the instructions in the iTRAQ labelling kit. The iTRAQ tags were assigned to samples as follows: 115-ApoE3 and 117-ApoE4. Each tag was incubated with 85 mg of protein (as determined by a Bradford protein assay).
iTRAQ-labelled peptides were pooled and made up to a total volume of 2.4 ml in strong cation-exchange (SCX) buffer A [10 mM phosphate, pH 3, in 20% acetonitrile (Romil, UK)]. The pooled peptides (2.4 ml) were then separated by SCX chromatography using a polysulfoethyl A column, 300 Å , 5 mM (PolyLC)) at a flow rate of 400 ml/ min. Following sample injection, the column was washed with SCX buffer A until the baseline returned. The gradient was run as follows: 0 -50% SCX buffer B (10 mM phosphate, 1 M NaCl, pH3, in 20% acetonitrile) over 25 min followed by a ramp up from 50 to 100% SCX buffer B over 5 min. The column was then washed in 100% SCX buffer B for 5 min before equilibrating for 10 min with SCX buffer A. Fractions were collected (400 ml) during the elution period and dried down completely in a vacuum centrifuge.
The iTRAQ tryptic peptide fractions were each resuspended in 30 ml of RP buffer A (2% acetonitrile, 0.05% TFA in water; Sigma Chromasolv plus). Prior to mass spectrometry analysis, fractions were first separated by liquid chromatography (Dionex Ultimate 3000) on a Pepmap C18 column, 200 mm × 15 cm (LC Packings) at a flow rate of 3 ml/min. Fractions were injected by full-loop injection (20 ml) and the order of loading was randomized to minimize effects from carryover. The eluants used were (A) 0.05% TFA in 2% acetonitrile in water and (B) 0.05% TFA in 90% acetonitrile in water. The gradient was run as follows: 10 min isocratic pre-run at 100% A, followed by a linear gradient from 0 to 30% B over 100 min, followed by another linear gradient from 30 to 60% over 35 min. The column was then washed in 100% B for a further 10 min, before a final equilibration step in 100% A for 10 min. During the elution gradient, the sample was spotted at 10 s intervals using a Probot (LC Packings) with a-cyano-4-hydroxycinnamic acid at 3 mg/ml (70% MeCN, 0.1% TFA) at a flow rate of 1.2 ml/min.
Both MS and MS/MS analyses were performed on the fractionated peptides using an Applied Biosystems 4800 MALDI TOF/TOF mass spectrometer. The mass spectrometer was operated under the control of 4000 Series Explorer v3.5.2 software (Applied Biosystems). A total of 1000 shots per MS spectrum (no-stop conditions) and 2500 shots per MS/MS spectrum (no-stop conditions) were acquired. The following MS/MS acquisition settings were used: 2 kV operating mode with CID on and precursor mass window resolution set to 300.00 (FWHM). Peak lists of MS and MS/MS spectra were generated using 4000 Series Explorer v3.5.2 software and the following parameters were used after selective labelling of monoisotopic mass peaks: MS peak lists: S/N threshold 10, Savitzky Golay smoothing [three points across peak (FWHM)], no baseline correction; MS/MS peak lists: S/N threshold 14, Savitzky Golay smoothing [seven points across peak (FWHM)].
An automated database search was run using GPS Explorer v3.6 (Applied Biosystems). MASCOT was used as the search engine to search the NCBI non-redundant database (version 10/11/2009), using the following search parameters: precursor ion mass tolerance of 100 p.p.m., MS/MS fragment ion mass tolerance of 0.3 Da and iTRAQ fragment ion mass tolerance of 0.2 Da. The enzyme was specified as trypsin with one missed cleavage permitted, oxidation of methionine residues were allowed as variable modifications and N-terminal (iTRAQ), lysine (iTRAQ) and MMTS modification of cysteine residues were set as fixed modifications and the taxonomy was selected as Mus. The identification criterion was at least two unique peptides by MS/MS with the most stringent search settings in order to yield the most reliable data for iTRAQ quantification (peptide rank 1 and total ion score confidence intervals of at least 95%).
Peptides were reported as identified iTRAQ peptides only if they met the following criteria: iTRAQ ratio of greater than 0, all N-terminal and lysine residues were labelled and did not include tyrosine_iTRAQ modification. Quantification of the iTRAQ peptides was performed by applying the following formula: corrected cluster area of fragment/corrected cluster area of reference [i.e. 117 (ApoE4)/115 (ApoE3)]. Following correction using kit-specific iTRAQ correction factors, iTRAQ ratios were normalized to the median ratio, using the following formula: iTRAQ ratio ¼ ratio/median iTRAQ ratio of all found pairs. Both correction and normalization were performed using GPS Explorer software v3.6.
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